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• Introduction: dark matter as the key agent in cosmological structure formation


• Introduction of dark matter direct detection


• New, irreducible signal components in direct detection

Kouvaris, JP PRL 2016;    

Essig, JP, Sholapurkar, Yu PRL 2020

 
An, Pospelov, JP, Ritz  PRL 2018

 
An, Nie, Pospelov, JP, Ritz PRD 2021

Bremsstrahlung: 

Migdal effect: 

Solar reflection I: 

Solar reflection II: 

The sunny side 
of direct detection
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Dark matter: now and then

2019 Nobel Prize “for theoretical discoveries in physical cosmology”

Jim Peebles, Oct 8 2019
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Predicting the cosmic microwave background

Early Cosmology

Search for origin of chemical elements => idea in the 1940’s that matter passed through a hot 
and dense phase and all elements were made

Number of reactions = cross section (cm2)  x  flux of projectiles (1/cm2/s)  x  time (s)

p+ n ! d+ �
<latexit sha1_base64="xDbrwvrtQ6CoLVhpt2klRjd8EfM="></latexit>

Alpher, Bethe, Gamow 1948

per neutron ~ not too small number  to make elements 

                    ~ not too large number so that significant amounts of D and light elements are left 
 

key reaction

h�vint ⇠ 1
<latexit sha1_base64="umv4O3N+07pLaqa1CButPCJJPTE="></latexit>

T ⇠ MeV ⇠ 109 K
<latexit sha1_base64="QmbZ6AH88F+B5+FogucLA9N3Q0Y="></latexit>

=> at => Universe filled with radiation

h�vi ⇠ const.
<latexit sha1_base64="qGWfFZNVXtbVPfB3VTvvAyH36Y0="></latexit>

with yields a prediction of the required baryon density n ~ 1018/cm3

=> With an estimate of today’s density n ~ 10-7/cm3  together with

=> T~ 4K today’s radiation temp.

T / 1/a(t) / n1/3
<latexit sha1_base64="4o7VuLCwKCiJoWIfppE5URyMW/k="></latexit>
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Cosmological scales
Dark Matter is the key ingredient to explain 

the CMB observations (linear theory)


Cosmic Microwave Background

Planck 2018
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Origin of structure

Cosmological scales

H
´1

recombination

�J

�J

perturbation

baryons fall into the potential wells created 
by dark matter. 
 

Baryons

Cold Dark Matter

:� ` rPressure ´ Gravitys � “ 0
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Cosmological scales
Dark Matter is the key ingredient to explain 

the CMB observations (linear theory)


Dark Matter is the key catalyzer for 

formation of non-linear large scale structure 


Cosmic Microwave Background
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From the CMB epoch to today

Large Scale Structure
Dark Matter is the key catalyzer for 

formation of non-linear large scale structure 
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Matter power spectrum

Large Scale Structure

Chabanier 2019



HIDDeN VIRTUAL INSTITUTE webinar 10

Dark Matter in the Milky Way

=> broader topic of this talk: non-gravitational detection of that fluffy cloud 
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DM Direct Detection

[cpd/kg/keV]dRptq
dER

“ NT
⇢0

mDM

ª

v•vmin

d3v vfLABpvq d�

dER

recoil cross 

section

DM velocity 

distribution in

the LAB frame

local DM

density

Particle Physics

Detection Rate = particle flux (1/cm2/sec)  x  cross section (cm)

Contributions to f(v)

• virialized component

• substructure

• debris flow, streams

• largely dissipationless

• stable on cosmological timescales

Astrophysics

pp † 10´4q

Very little is known

~ keV

Basic idea
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Velocity distribution of DM in the halo

DM Direct Detection

Maxwellian velocity distribution is found in N-
body simulations


Note: not all particles of arbitrary velocity 
can be gravitationally bound to the halo

Vogelsberger et al 2009

fgalp~vq «
#
N exp

`
´|~v|2{v20

˘
v † vesc

0 v ° vesc

vesc » 650 km{s

• Local DM flux is 

�� „ ⇢0v�
m�

„ 105 {cm2{s
ˆ
100GeV

m�

˙
pv� „ 10´3cq
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Connecting new physics to the Standard Model

Simple options for dark sectors

pH:
Hq pA� ` ��2q

LHN

FY
µ⌫ V

µ⌫

“Higgs Portal” 
(a minimal model of DM)

“Neutrino Portal” 
likely realized in nature (neutrinos  
have mass); sterile neutrinos

“Vector Portal” 
kinetic mixing of abelian  
field strength tensors
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“Dark Photons”

The kinetic mixing portal 

at low 

energies

SUp3qc ˆ SUp2qL ˆ Up1qY

´1

2
FY
µ⌫V

µ⌫ ´

2
Fµ⌫V

µ⌫

ˆUp1q1

Standard Model x “dark sector” with vector particle 

hypercharge

field strength

photon

field strength

V µ

=> two parameter theory: kinetic mixing strength and mass of V
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Simple example

DM Direct Detection

<latexit sha1_base64="3BRiikknK8UyKusq2CoKA3grGpA=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiM4CaBZAmzk9lkyMzsMjMrhCXf4MWDIl79IG/+jZOH4LOgoajqprsrSjnTxvPenaXlldW19cJGcXNre2e3tLff1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGV1O/dUeVZom8NeOUhgIPJIsZwcZKQbPXFVmvVPZcr1b1TmvoN/Fdb4YyLNDold66/YRkgkpDONa643upCXOsDCOcTordTNMUkxEe0I6lEguqw3x27AQdW6WP4kTZkgbN1K8TORZaj0VkOwU2Q/3Tm4p/eZ3MxNUwZzLNDJVkvijOODIJmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdoQPj9F/5NmxfXP3crNWbl+uYijAIdwBCfgwwXU4RoaEAABBvfwCE+OdB6cZ+dl3rrkLGYO4Buc1w88Lo79</latexit>

Vµ

<latexit sha1_base64="DJpDy1ysdGFMQS/+UGAzE0Aydbc=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgadmNoskt6sVjBDcJJEuYncwmQ2Zml5lZIYR8gxcPinj1g7z5N04egs+ChqKqm+6uKOVMG897d3JLyyura/n1wsbm1vZOcXevoZNMERqQhCeqFWFNOZM0MMxw2koVxSLitBkNr6Z+844qzRJ5a0YpDQXuSxYzgo2VgotuR2TdYslzvWrFO6mi38R3vRlKsEC9W3zr9BKSCSoN4Vjrtu+lJhxjZRjhdFLoZJqmmAxxn7YtlVhQHY5nx07QkVV6KE6ULWnQTP06McZC65GIbKfAZqB/elPxL6+dmbgSjplMM0MlmS+KM45Mgqafox5TlBg+sgQTxeytiAywwsTYfAo2hM9P0f+kUXb9M7d8c1qqXS7iyMMBHMIx+HAONbiGOgRAgME9PMKTI50H59l5mbfmnMXMPnyD8/oBHAaO6A==</latexit>

Aµ

q

<latexit sha1_base64="ESwH9F0FkdkMKQqxScxUUqTMqNs=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiMYB6QLGF2MpsdMjO7zMwKIeQXvHhQxKs/5M2/cTaJ4LOgoajqprsrTDnTxvPenaXlldW19cJGcXNre2e3tLff0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+qWy53q1qndaQ7+J73ozlGGBRr/01hskJBNUGsKx1l3fS00wwcowwum02Ms0TTEZ4SHtWiqxoDqYzG6domOrDFCUKFvSoJn6dWKChdZjEdpOgU2sf3q5+JfXzUxUDSZMppmhkswXRRlHJkH542jAFCWGjy3BRDF7KyIxVpgYG0/RhvD5KfqftCquf+5Wbs7K9ctFHAU4hCM4AR8uoA7X0IAmEIjhHh7hyRHOg/PsvMxbl5zFzAF8g/P6AX/RjpA=</latexit>�

<latexit sha1_base64="qm/0g/09hB8G4iBT4vmJDzcs31E=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8yLIbRZNb0IsniWAekCxhdjJJhszMLjOzQljyC148KOLVH/Lm3zibRPBZ0FBUddPdFcacaeN5787C4tLyympuLb++sbm1XdjZbegoUYTWScQj1QqxppxJWjfMcNqKFcUi5LQZji4zv3lHlWaRvDXjmAYCDyTrM4JNJtFjdN0tFD3Xq5S9kwr6TXzXm6IIc9S6hbdOLyKJoNIQjrVu+15sghQrwwink3wn0TTGZIQHtG2pxILqIJ3eOkGHVumhfqRsSYOm6teJFAutxyK0nQKbof7pZeJfXjsx/XKQMhknhkoyW9RPODIRyh5HPaYoMXxsCSaK2VsRGWKFibHx5G0In5+i/0mj5PpnbunmtFi9mMeRg304gCPw4RyqcAU1qAOBIdzDIzw5wnlwnp2XWeuCM5/Zg29wXj8Ao2ON/w==</latexit>

e,N

general detection principles: 

ionziation, scintillation, heat, …

<latexit sha1_base64="ESwH9F0FkdkMKQqxScxUUqTMqNs=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiMYB6QLGF2MpsdMjO7zMwKIeQXvHhQxKs/5M2/cTaJ4LOgoajqprsrTDnTxvPenaXlldW19cJGcXNre2e3tLff0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+qWy53q1qndaQ7+J73ozlGGBRr/01hskJBNUGsKx1l3fS00wwcowwum02Ms0TTEZ4SHtWiqxoDqYzG6domOrDFCUKFvSoJn6dWKChdZjEdpOgU2sf3q5+JfXzUxUDSZMppmhkswXRRlHJkH542jAFCWGjy3BRDF7KyIxVpgYG0/RhvD5KfqftCquf+5Wbs7K9ctFHAU4hCM4AR8uoA7X0IAmEIjhHh7hyRHOg/PsvMxbl5zFzAF8g/P6AX/RjpA=</latexit>�
<latexit sha1_base64="3BRiikknK8UyKusq2CoKA3grGpA=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiM4CaBZAmzk9lkyMzsMjMrhCXf4MWDIl79IG/+jZOH4LOgoajqprsrSjnTxvPenaXlldW19cJGcXNre2e3tLff1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGV1O/dUeVZom8NeOUhgIPJIsZwcZKQbPXFVmvVPZcr1b1TmvoN/Fdb4YyLNDold66/YRkgkpDONa643upCXOsDCOcTordTNMUkxEe0I6lEguqw3x27AQdW6WP4kTZkgbN1K8TORZaj0VkOwU2Q/3Tm4p/eZ3MxNUwZzLNDJVkvijOODIJmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdoQPj9F/5NmxfXP3crNWbl+uYijAIdwBCfgwwXU4RoaEAABBvfwCE+OdB6cZ+dl3rrkLGYO4Buc1w88Lo79</latexit>

Vµ

is the dark matter

dark photon is the “mediator”

<latexit sha1_base64="Hwrh3kQBKTCSPR30S/N8x1yUCy8=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRVtN0V3bisYB/QhDCZTtKhk4czEyGk9VfcuFDErR/izr9x0lbweWDgcM693DPHSxgV0jTftdLS8srqWnm9srG5tb2j7+51RZxyTDo4ZjHve0gQRiPSkVQy0k84QaHHSM8bXxR+75ZwQePoWmYJcUIURNSnGEkluXo1dLvQDgI4sUMkR54PbyauXjMNs9kwj5vwN7EMc4YaWKDt6m /2MMZpSCKJGRJiYJmJdHLEJcWMTCt2KkiC8BgFZKBohEIinHwWfgoPlTKEfszViyScqV83chQKkYWemiwSip9eIf7lDVLpN5ycRkkqSYTnh/yUQRnDogk4pJxgyTJFEOZUZYV4hDjCUvVVUSV8/hT+T7p1wzo16lcntdb5oo4y2AcH4AhY4Ay0wCVogw7AIAP34BE8aXfag/asvcxHS9pipwq+QXv9AG63lKo=</latexit>

mV � |q| point-like interaction
<latexit sha1_base64="jxApwKWieLWM9EM66Y/sUusMl4k=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKqRVtN0V3bisYB/QhDCZTtqhk0mcmQghrb/ixoUibv0Qd/6Nk7aCzwMDh3Pu5Z45fsyoVLb9bhSWlldW14rrpY3Nre0dc3evI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fJH73VsiJI34tUpj4oZoyGlAMVJa8sxy6HWgwxicOCFSIz+ANxPPrNiW3ajbxw34m1Qte4YKWKDlmW /OIMJJSLjCDEnZr9qxcjMkFMWMTEtOIkmM8BgNSV9TjkIi3WwWfgoPtTKAQST04wrO1K8bGQqlTENfT+YJ5U8vF//y+okK6m5GeZwowvH8UJAwqCKYNwEHVBCsWKoJwoLqrBCPkEBY6b5KuoTPn8L/SadmVU+t2tVJpXm+qKMI9sEBOAJVcAaa4BK0QBtgkIJ78AiejDvjwXg2XuajBWOxUwbfYLx+AH5clLQ=</latexit>

mV ⌧ |q| “millicharged DM”
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A summary of two decades of effort

DM Direct Detection

Z-mediated

Higgs-mediated

DM Limit Plotter 
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DM Direct Detection

Nuclear kinetic recoil energy

=> A given recoil, demands a minimum relative velocity

ER “ q2

2mN

vmin “
d

mNER

2µ2
N

“ µ2
Nv2

mN
p1 ´ cos ✓˚q

»
ˆ

ER

0.5 keV

˙1{2
1GeV

m�
ˆ

#
1700 km{s Xenon

600 km{s Oxygen

=> if m < 1 GeV, then there are no particles bound to the Galaxy  
that could induce a 0.5 keV nuclear recoil on a Xenon atom!

“kinematical no-go theorem”

q

A closer look
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DM Limit Plotter 

lower detector  
thresholds

larger experiments

(kg days)

alternative: 

DM-electron 
scattering

Direct detection low-mass frontier
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DM Limit Plotter 

lower detector  
thresholds

larger experiments

(kg days)

alternative: 

DM-electron 
scattering

Direct detection low-mass frontier

intrinsic higher 
energy signals
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!

q
!max » µNv2{2 » m�v

2{2

Maximum photon energy

» 0.5 keV
m�

100MeV

Gaining access to sub-GeV  
Dark Matter through nuclear recoils

Key I: 

Key II: 0.5 keV nuclear recoil is easily missed (heat losses),  
0.5 keV photon is never missed!


Inelastic channel of photon 
emission from the nucleus
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nuclear recoil or photon energy (keV)

ev
en
ts
/k

g/
d
ay
/k
eV

Bremsstr.

elastic

Xenon

mχ = 1GeV
σn = 10−35 cm2

1010.10.01

106

104

102

1

10−2

10−4

10−6

10−8

Irreducible signal components
Example Bremsstrahlung
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Example Bremsstrahlung

Irreducible signal components

1000100

10−28

10−30

10−32

10−34

10−36

10−38

CDF (mV = 300MeV)
CRESST-III (projected)

XENON10
XENON100 (S2)

LUX (2013)
XENON1T (2017)

mχ (MeV)

σ
n
(c
m

2
)

m.f.p.

CDMSlite

CRESST-II

XQC

.

1000100

10−28

10−30

10−32

10−34

10−36

10−38

Kouvaris, JP PRL 2016
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Prompt atomic response following nuclear recoil

Irreducible signal components

�

�

+
_ _

photon

�

�

+
_ _

electron

Bremsstrahlung Migdal-effect

Kouvaris, JP PRL 2016 Ibe et al JCAP 2017
Essig, JP, Sholapurkar, Yu PRL 2020
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Direct Detection using electrons

“kinematical no-go theorem”  #2

E.g. if m < 10 MeV, then there are no particles bound to the Galaxy  
that could ionize an outer shell Xenon electron

irreducible 
higher energy 
components

alternative

technology 

(e.g. superconductors)
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The sun as particle accelerator

Galactic Dark Matter
 vmax „ 600 km{sec

Elastic scattering on electrons in 

the sun’s interior lifts DM kinetic 
energy into (sub-)keV regime


vmax “
a
2T {m

„ 104 km{sec ˆ
a
1MeV{m

reflected spectrum

<latexit sha1_base64="dwz7EP1SPej5itihZJg3ENlX6yA=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tFqJeSFFEvQlEEb1boFzSlbLbTduluEnY3Qgn14l/x4kERr/4Lb/4bt20O2vpg4PHeDDPz/IgzpR3n28osLa+srmXXcxubW9s79u5eXYWxpFCjIQ9l0ycKOAugppnm0IwkEOFzaPjD64nfeACpWBhU9SiCtiD9gPUYJdpIHfvgpgOeYgJX8SW+KySeFHgI9fFJx847RWcKvEjclORRikrH/vK6IY0FBJpyolTLdSLdTojUjHIY57xYQUTokPShZWhABKh2Mv1gjI+N0sW9UJoKNJ6qvycSIpQaCd90CqIHat6biP95rVj3LtoJC6JYQ0Bni3oxxzrEkzhwl0mgmo8MIVQycyumAyIJ1Sa0nAnBnX95kdRLRfesWLo/zZev0jiy6BAdoQJy0Tkqo1tUQTVE0SN6Rq/ozXqyXqx362PWmrHSmX30B9bnDwpwlVo=</latexit>

Ee ⇠ T = O(keV)

Scattering on hot electrons in the solar interior
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Adding a “hot” tail to the Maxwellian

The sun as particle accelerator

galactic velocity 

distribution

reflected spectrum from the sun


MC simulation  

σe = 10−37 cm2

velocity (km/sec)

dN
/d

v

mχ = 2MeV

.

10000100010010

10−2

10−3

10−4

10−5

10−6
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Single scattering limit

The sun as particle accelerator

mean free path of DM in the sun

probability of scattering

ballpark number for solar reflection

reflected flux

=> solid angle suppression ~ 10-4
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Example model with contact interactions

Direct Detection of sub-MeV DM

=> relic density requirement points to

Lint = G�e ⇥ (ē�µe)(i�⇤@µ�� i�@µ�
⇤)

�e =
1

⇡
G2

�eµ
2
�,e ! (8�9)⇥ 10�35 cm2 ⇥

2µ2
�,e

(2m2
� +m2

e)ve

UV completed through Z’ where relic density is set via p-wave annihilation and safe from 
CMB constraints on energy injection (modulo model dependent Neff contributions)

�annv = v2 ⇥
G2

�e

12⇡
(m2

e + 2m2
�)

s

1� m2
e

m2
�
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Validating the Monte Carlo simulation in the single scattering limit

The sun as particle accelerator
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Quantitative results for simulated fluxes

The sun as particle accelerator

Spectra become softer for increasing cross section => reflection at larger radii


Spectra hardest for when the DM mass equals the electron mass
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Simple example

DM Direct Detection

<latexit sha1_base64="3BRiikknK8UyKusq2CoKA3grGpA=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiM4CaBZAmzk9lkyMzsMjMrhCXf4MWDIl79IG/+jZOH4LOgoajqprsrSjnTxvPenaXlldW19cJGcXNre2e3tLff1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGV1O/dUeVZom8NeOUhgIPJIsZwcZKQbPXFVmvVPZcr1b1TmvoN/Fdb4YyLNDold66/YRkgkpDONa643upCXOsDCOcTordTNMUkxEe0I6lEguqw3x27AQdW6WP4kTZkgbN1K8TORZaj0VkOwU2Q/3Tm4p/eZ3MxNUwZzLNDJVkvijOODIJmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdoQPj9F/5NmxfXP3crNWbl+uYijAIdwBCfgwwXU4RoaEAABBvfwCE+OdB6cZ+dl3rrkLGYO4Buc1w88Lo79</latexit>

Vµ

<latexit sha1_base64="DJpDy1ysdGFMQS/+UGAzE0Aydbc=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgadmNoskt6sVjBDcJJEuYncwmQ2Zml5lZIYR8gxcPinj1g7z5N04egs+ChqKqm+6uKOVMG897d3JLyyura/n1wsbm1vZOcXevoZNMERqQhCeqFWFNOZM0MMxw2koVxSLitBkNr6Z+844qzRJ5a0YpDQXuSxYzgo2VgotuR2TdYslzvWrFO6mi38R3vRlKsEC9W3zr9BKSCSoN4Vjrtu+lJhxjZRjhdFLoZJqmmAxxn7YtlVhQHY5nx07QkVV6KE6ULWnQTP06McZC65GIbKfAZqB/elPxL6+dmbgSjplMM0MlmS+KM45Mgqafox5TlBg+sgQTxeytiAywwsTYfAo2hM9P0f+kUXb9M7d8c1qqXS7iyMMBHMIx+HAONbiGOgRAgME9PMKTI50H59l5mbfmnMXMPnyD8/oBHAaO6A==</latexit>

Aµ

q

<latexit sha1_base64="ESwH9F0FkdkMKQqxScxUUqTMqNs=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiMYB6QLGF2MpsdMjO7zMwKIeQXvHhQxKs/5M2/cTaJ4LOgoajqprsrTDnTxvPenaXlldW19cJGcXNre2e3tLff0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+qWy53q1qndaQ7+J73ozlGGBRr/01hskJBNUGsKx1l3fS00wwcowwum02Ms0TTEZ4SHtWiqxoDqYzG6domOrDFCUKFvSoJn6dWKChdZjEdpOgU2sf3q5+JfXzUxUDSZMppmhkswXRRlHJkH542jAFCWGjy3BRDF7KyIxVpgYG0/RhvD5KfqftCquf+5Wbs7K9ctFHAU4hCM4AR8uoA7X0IAmEIjhHh7hyRHOg/PsvMxbl5zFzAF8g/P6AX/RjpA=</latexit>�

<latexit sha1_base64="qm/0g/09hB8G4iBT4vmJDzcs31E=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8yLIbRZNb0IsniWAekCxhdjJJhszMLjOzQljyC148KOLVH/Lm3zibRPBZ0FBUddPdFcacaeN5787C4tLyympuLb++sbm1XdjZbegoUYTWScQj1QqxppxJWjfMcNqKFcUi5LQZji4zv3lHlWaRvDXjmAYCDyTrM4JNJtFjdN0tFD3Xq5S9kwr6TXzXm6IIc9S6hbdOLyKJoNIQjrVu+15sghQrwwink3wn0TTGZIQHtG2pxILqIJ3eOkGHVumhfqRsSYOm6teJFAutxyK0nQKbof7pZeJfXjsx/XKQMhknhkoyW9RPODIRyh5HPaYoMXxsCSaK2VsRGWKFibHx5G0In5+i/0mj5PpnbunmtFi9mMeRg304gCPw4RyqcAU1qAOBIdzDIzw5wnlwnp2XWeuCM5/Zg29wXj8Ao2ON/w==</latexit>

e,N

general detection principles: 

ionziation, scintillation, heat, …

<latexit sha1_base64="ESwH9F0FkdkMKQqxScxUUqTMqNs=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiMYB6QLGF2MpsdMjO7zMwKIeQXvHhQxKs/5M2/cTaJ4LOgoajqprsrTDnTxvPenaXlldW19cJGcXNre2e3tLff0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+qWy53q1qndaQ7+J73ozlGGBRr/01hskJBNUGsKx1l3fS00wwcowwum02Ms0TTEZ4SHtWiqxoDqYzG6domOrDFCUKFvSoJn6dWKChdZjEdpOgU2sf3q5+JfXzUxUDSZMppmhkswXRRlHJkH542jAFCWGjy3BRDF7KyIxVpgYG0/RhvD5KfqftCquf+5Wbs7K9ctFHAU4hCM4AR8uoA7X0IAmEIjhHh7hyRHOg/PsvMxbl5zFzAF8g/P6AX/RjpA=</latexit>�
<latexit sha1_base64="3BRiikknK8UyKusq2CoKA3grGpA=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiM4CaBZAmzk9lkyMzsMjMrhCXf4MWDIl79IG/+jZOH4LOgoajqprsrSjnTxvPenaXlldW19cJGcXNre2e3tLff1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGV1O/dUeVZom8NeOUhgIPJIsZwcZKQbPXFVmvVPZcr1b1TmvoN/Fdb4YyLNDold66/YRkgkpDONa643upCXOsDCOcTordTNMUkxEe0I6lEguqw3x27AQdW6WP4kTZkgbN1K8TORZaj0VkOwU2Q/3Tm4p/eZ3MxNUwZzLNDJVkvijOODIJmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdoQPj9F/5NmxfXP3crNWbl+uYijAIdwBCfgwwXU4RoaEAABBvfwCE+OdB6cZ+dl3rrkLGYO4Buc1w88Lo79</latexit>

Vµ

is the dark matter

dark photon is the “mediator”

<latexit sha1_base64="Hwrh3kQBKTCSPR30S/N8x1yUCy8=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRVtN0V3bisYB/QhDCZTtKhk4czEyGk9VfcuFDErR/izr9x0lbweWDgcM693DPHSxgV0jTftdLS8srqWnm9srG5tb2j7+51RZxyTDo4ZjHve0gQRiPSkVQy0k84QaHHSM8bXxR+75ZwQePoWmYJcUIURNSnGEkluXo1dLvQDgI4sUMkR54PbyauXjMNs9kwj5vwN7EMc4YaWKDt6m /2MMZpSCKJGRJiYJmJdHLEJcWMTCt2KkiC8BgFZKBohEIinHwWfgoPlTKEfszViyScqV83chQKkYWemiwSip9eIf7lDVLpN5ycRkkqSYTnh/yUQRnDogk4pJxgyTJFEOZUZYV4hDjCUvVVUSV8/hT+T7p1wzo16lcntdb5oo4y2AcH4AhY4Ay0wCVogw7AIAP34BE8aXfag/asvcxHS9pipwq+QXv9AG63lKo=</latexit>

mV � |q| point-like interaction
<latexit sha1_base64="jxApwKWieLWM9EM66Y/sUusMl4k=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKqRVtN0V3bisYB/QhDCZTtqhk0mcmQghrb/ixoUibv0Qd/6Nk7aCzwMDh3Pu5Z45fsyoVLb9bhSWlldW14rrpY3Nre0dc3evI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fJH73VsiJI34tUpj4oZoyGlAMVJa8sxy6HWgwxicOCFSIz+ANxPPrNiW3ajbxw34m1Qte4YKWKDlmW /OIMJJSLjCDEnZr9qxcjMkFMWMTEtOIkmM8BgNSV9TjkIi3WwWfgoPtTKAQST04wrO1K8bGQqlTENfT+YJ5U8vF//y+okK6m5GeZwowvH8UJAwqCKYNwEHVBCsWKoJwoLqrBCPkEBY6b5KuoTPn8L/SadmVU+t2tVJpXm+qKMI9sEBOAJVcAaa4BK0QBtgkIJ78AiejDvjwXg2XuajBWOxUwbfYLx+AH5clLQ=</latexit>

mV ⌧ |q| “millicharged DM”
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How does an “electron recoil” signal look in 
a LXE detector?

nion

nex

ER

gas phase

liquid phase

Given energy deposition      , a 
number of quanta       is produced, 

distributed in electron-ion pairs 

and excited atoms

NQ “ ER

W
“ nion ` nex

ER

NQ

W » 13.7 eV

nex

nex{nion “ few%
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nion

nex

ER

r

ne n�

gas phase

liquid phase

How does an “electron recoil” signal look in 
a LXE detector?

Observable: de-excitation photons 
from initial and recombined excitons

      and electrons that escape 
recombination

NQ “ ER

W
“ nion ` nex

“ n� ` ne

n�

ne

ne “ nionp1 ´ rq, n� “ nionr ` nex
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nion

nex

ER

r

ne n�

gas phase

liquid phase

nsurv

How does an “electron recoil” signal look in 
a LXE detector?

Electrons are drifted in the electric 
field towards the liquid-gas interface; 
depending where they are created, 
attenuation occurs

psurv » exp

ˆ
´ �z

⌧vd

˙
.

vd » 1.7mm{µs ⌧ ° 1 s

psurv „ 0.6 ´ 0.9
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nion

nex

ER

r

ne n�

gas phase

liquid phase

nsurv

S2 S1

How does an “electron recoil” signal look in 
a LXE detector?

An electron reaching the liquid-gas 
interface creates about O(10) PE 
(S2); it takes on average 10 
scintillation photons to collect 1 PE 
(S1)

NQ “ nion ` nex

“ n� ` ne

“ S1

g1
` S2

g2

g1 » 0.1, g2 » 10 ´ 50
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nion

nex

ER

r

ne n�

gas phase

liquid phase

nsurv

S2 S1

fluctuates

fluctuates

fluctuates

{LXE universal

(given E-field)

detector 
specific {

=> model PDF(S1,S2 | Edep )

How does an “electron recoil” signal look in 
a LXE detector?
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note the anti-correlation 
between S1 and S2

e.g. PandaX

NQ “ nion ` nex

“ n� ` ne

“ S1

g1
` S2

g2

How does an “electron recoil” signal look in 
a LXE detector?
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How does an “electron recoil” signal look in 
a LXE detector?

PDF

S2-only search

For example:

with charge yield Qy measured or modelled

Experimental rate:
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Example XENON100

XENON100 (2016)

ionization spectrum

S2 only spectrum 

706050403020100
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Edep. > 0.19 keV

XENON100 S2 observed

S2 (PE)
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E
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XENON10 observed

ne
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en
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/e
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100806040200
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0

for expt. limits: 
demand minimum 
deposited energy 
of 0.19 keV

=> data driven 
approach
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Contact interactions with electrons

Solar Reflection of DM

An, Pospelov, JP, Ritz  PRL 2018

An, Nie, Pospelov, JP, Ritz PRD 2021

galacticreflected

.

Freeze-out

�̄
e
(c

m
2
)

mDM (MeV)

10�40

10�39

10�38

10�37

10�36

10�35

10�34

0.1 1 10 100 1000

XENON1T

(S2)

XENON1T

(S1+S2)

SENSEI

XENON10

XENON1T

FDM = 1

solar reflected DM

RG SN1987a

↵D = 0.5

mV = 3mDM
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Role of ions?

Solar Reflection of DM

collisions with ions only change direction but not energy

2 options:  either ions shield the hot solar core from DM, or they may turn around DM 
that has already entered and increase chance of further upscattering

=> ions shield the core
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Role of ions

Solar Reflection of DM

An, Pospelov, JP, Ritz  PRL 2018

An, Nie, Pospelov, JP, Ritz PRD 2021

galacticreflected

.

Freeze-out

�̄
e
(c

m
2
)

mDM (MeV)

�̄ion = 1�̄e

�̄ion = 10�̄e

�̄ion = 100�̄e

10�40

10�39

10�38

10�37

10�36

10�35

10�34

0.1 1 10 100 1000

XENON1T

(S2)

XENON1T

(S1+S2)

SENSEI

XENON10

XENON1T

FDM = 1

solar reflected DM

RG SN1987a

↵D = 0.5

mV = 3mDM
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Millicharged DM 

Solar Reflection of DM

<latexit sha1_base64="3BRiikknK8UyKusq2CoKA3grGpA=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiM4CaBZAmzk9lkyMzsMjMrhCXf4MWDIl79IG/+jZOH4LOgoajqprsrSjnTxvPenaXlldW19cJGcXNre2e3tLff1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGV1O/dUeVZom8NeOUhgIPJIsZwcZKQbPXFVmvVPZcr1b1TmvoN/Fdb4YyLNDold66/YRkgkpDONa643upCXOsDCOcTordTNMUkxEe0I6lEguqw3x27AQdW6WP4kTZkgbN1K8TORZaj0VkOwU2Q/3Tm4p/eZ3MxNUwZzLNDJVkvijOODIJmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdoQPj9F/5NmxfXP3crNWbl+uYijAIdwBCfgwwXU4RoaEAABBvfwCE+OdB6cZ+dl3rrkLGYO4Buc1w88Lo79</latexit>

Vµ

<latexit sha1_base64="DJpDy1ysdGFMQS/+UGAzE0Aydbc=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgadmNoskt6sVjBDcJJEuYncwmQ2Zml5lZIYR8gxcPinj1g7z5N04egs+ChqKqm+6uKOVMG897d3JLyyura/n1wsbm1vZOcXevoZNMERqQhCeqFWFNOZM0MMxw2koVxSLitBkNr6Z+844qzRJ5a0YpDQXuSxYzgo2VgotuR2TdYslzvWrFO6mi38R3vRlKsEC9W3zr9BKSCSoN4Vjrtu+lJhxjZRjhdFLoZJqmmAxxn7YtlVhQHY5nx07QkVV6KE6ULWnQTP06McZC65GIbKfAZqB/elPxL6+dmbgSjplMM0MlmS+KM45Mgqafox5TlBg+sgQTxeytiAywwsTYfAo2hM9P0f+kUXb9M7d8c1qqXS7iyMMBHMIx+HAONbiGOgRAgME9PMKTI50H59l5mbfmnMXMPnyD8/oBHAaO6A==</latexit>

Aµ

<latexit sha1_base64="ESwH9F0FkdkMKQqxScxUUqTMqNs=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiMYB6QLGF2MpsdMjO7zMwKIeQXvHhQxKs/5M2/cTaJ4LOgoajqprsrTDnTxvPenaXlldW19cJGcXNre2e3tLff0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+qWy53q1qndaQ7+J73ozlGGBRr/01hskJBNUGsKx1l3fS00wwcowwum02Ms0TTEZ4SHtWiqxoDqYzG6domOrDFCUKFvSoJn6dWKChdZjEdpOgU2sf3q5+JfXzUxUDSZMppmhkswXRRlHJkH542jAFCWGjy3BRDF7KyIxVpgYG0/RhvD5KfqftCquf+5Wbs7K9ctFHAU4hCM4AR8uoA7X0IAmEIjhHh7hyRHOg/PsvMxbl5zFzAF8g/P6AX/RjpA=</latexit>�

<latexit sha1_base64="qm/0g/09hB8G4iBT4vmJDzcs31E=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8yLIbRZNb0IsniWAekCxhdjJJhszMLjOzQljyC148KOLVH/Lm3zibRPBZ0FBUddPdFcacaeN5787C4tLyympuLb++sbm1XdjZbegoUYTWScQj1QqxppxJWjfMcNqKFcUi5LQZji4zv3lHlWaRvDXjmAYCDyTrM4JNJtFjdN0tFD3Xq5S9kwr6TXzXm6IIc9S6hbdOLyKJoNIQjrVu+15sghQrwwink3wn0TTGZIQHtG2pxILqIJ3eOkGHVumhfqRsSYOm6teJFAutxyK0nQKbof7pZeJfXjsx/XKQMhknhkoyW9RPODIRyh5HPaYoMXxsCSaK2VsRGWKFibHx5G0In5+i/0mj5PpnbunmtFi9mMeRg304gCPw4RyqcAU1qAOBIdzDIzw5wnlwnp2XWeuCM5/Zg29wXj8Ao2ON/w==</latexit>

e,N
<latexit sha1_base64="jxApwKWieLWM9EM66Y/sUusMl4k=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKqRVtN0V3bisYB/QhDCZTtqhk0mcmQghrb/ixoUibv0Qd/6Nk7aCzwMDh3Pu5Z45fsyoVLb9bhSWlldW14rrpY3Nre0dc3evI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fJH73VsiJI34tUpj4oZoyGlAMVJa8sxy6HWgwxicOCFSIz+ANxPPrNiW3ajbxw34m1Qte4YKWKDlmW/OIMJJSLjCDEnZr9qxcjMkFMWMTEtOIkmM8BgNSV9TjkIi3WwWfgoPtTKAQST04wrO1K8bGQqlTENfT+YJ5U8vF//y+okK6m5GeZwowvH8UJAwqCKYNwEHVBCsWKoJwoLqrBCPkEBY6b5KuoTPn8L/SadmVU+t2tVJpXm+qKMI9sEBOAJVcAaa4BK0QBtgkIJ78AiejDvjwXg2XuajBWOxUwbfYLx+AH5clLQ=</latexit>

mV ⌧ |q|

Difficult/expensive to treat because of long-range interactions


=> forward scattering biased; eventually “Debye-screened

2 effects:   
 
“hard” large-angle scatterings 
accelerate DM; 


“soft” small-angle scatterings 
effectively friction/viscosity
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Millicharged DM 

Solar Reflection of DM

<latexit sha1_base64="3BRiikknK8UyKusq2CoKA3grGpA=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiM4CaBZAmzk9lkyMzsMjMrhCXf4MWDIl79IG/+jZOH4LOgoajqprsrSjnTxvPenaXlldW19cJGcXNre2e3tLff1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGV1O/dUeVZom8NeOUhgIPJIsZwcZKQbPXFVmvVPZcr1b1TmvoN/Fdb4YyLNDold66/YRkgkpDONa643upCXOsDCOcTordTNMUkxEe0I6lEguqw3x27AQdW6WP4kTZkgbN1K8TORZaj0VkOwU2Q/3Tm4p/eZ3MxNUwZzLNDJVkvijOODIJmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdoQPj9F/5NmxfXP3crNWbl+uYijAIdwBCfgwwXU4RoaEAABBvfwCE+OdB6cZ+dl3rrkLGYO4Buc1w88Lo79</latexit>

Vµ

<latexit sha1_base64="DJpDy1ysdGFMQS/+UGAzE0Aydbc=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgadmNoskt6sVjBDcJJEuYncwmQ2Zml5lZIYR8gxcPinj1g7z5N04egs+ChqKqm+6uKOVMG897d3JLyyura/n1wsbm1vZOcXevoZNMERqQhCeqFWFNOZM0MMxw2koVxSLitBkNr6Z+844qzRJ5a0YpDQXuSxYzgo2VgotuR2TdYslzvWrFO6mi38R3vRlKsEC9W3zr9BKSCSoN4Vjrtu+lJhxjZRjhdFLoZJqmmAxxn7YtlVhQHY5nx07QkVV6KE6ULWnQTP06McZC65GIbKfAZqB/elPxL6+dmbgSjplMM0MlmS+KM45Mgqafox5TlBg+sgQTxeytiAywwsTYfAo2hM9P0f+kUXb9M7d8c1qqXS7iyMMBHMIx+HAONbiGOgRAgME9PMKTI50H59l5mbfmnMXMPnyD8/oBHAaO6A==</latexit>

Aµ

<latexit sha1_base64="ESwH9F0FkdkMKQqxScxUUqTMqNs=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiMYB6QLGF2MpsdMjO7zMwKIeQXvHhQxKs/5M2/cTaJ4LOgoajqprsrTDnTxvPenaXlldW19cJGcXNre2e3tLff0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+qWy53q1qndaQ7+J73ozlGGBRr/01hskJBNUGsKx1l3fS00wwcowwum02Ms0TTEZ4SHtWiqxoDqYzG6domOrDFCUKFvSoJn6dWKChdZjEdpOgU2sf3q5+JfXzUxUDSZMppmhkswXRRlHJkH542jAFCWGjy3BRDF7KyIxVpgYG0/RhvD5KfqftCquf+5Wbs7K9ctFHAU4hCM4AR8uoA7X0IAmEIjhHh7hyRHOg/PsvMxbl5zFzAF8g/P6AX/RjpA=</latexit>�

<latexit sha1_base64="qm/0g/09hB8G4iBT4vmJDzcs31E=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8yLIbRZNb0IsniWAekCxhdjJJhszMLjOzQljyC148KOLVH/Lm3zibRPBZ0FBUddPdFcacaeN5787C4tLyympuLb++sbm1XdjZbegoUYTWScQj1QqxppxJWjfMcNqKFcUi5LQZji4zv3lHlWaRvDXjmAYCDyTrM4JNJtFjdN0tFD3Xq5S9kwr6TXzXm6IIc9S6hbdOLyKJoNIQjrVu+15sghQrwwink3wn0TTGZIQHtG2pxILqIJ3eOkGHVumhfqRsSYOm6teJFAutxyK0nQKbof7pZeJfXjsx/XKQMhknhkoyW9RPODIRyh5HPaYoMXxsCSaK2VsRGWKFibHx5G0In5+i/0mj5PpnbunmtFi9mMeRg304gCPw4RyqcAU1qAOBIdzDIzw5wnlwnp2XWeuCM5/Zg29wXj8Ao2ON/w==</latexit>

e,N
<latexit sha1_base64="jxApwKWieLWM9EM66Y/sUusMl4k=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKqRVtN0V3bisYB/QhDCZTtqhk0mcmQghrb/ixoUibv0Qd/6Nk7aCzwMDh3Pu5Z45fsyoVLb9bhSWlldW14rrpY3Nre0dc3evI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fJH73VsiJI34tUpj4oZoyGlAMVJa8sxy6HWgwxicOCFSIz+ANxPPrNiW3ajbxw34m1Qte4YKWKDlmW/OIMJJSLjCDEnZr9qxcjMkFMWMTEtOIkmM8BgNSV9TjkIi3WwWfgoPtTKAQST04wrO1K8bGQqlTENfT+YJ5U8vF//y+okK6m5GeZwowvH8UJAwqCKYNwEHVBCsWKoJwoLqrBCPkEBY6b5KuoTPn8L/SadmVU+t2tVJpXm+qKMI9sEBOAJVcAaa4BK0QBtgkIJ78AiejDvjwXg2XuajBWOxUwbfYLx+AH5clLQ=</latexit>

mV ⌧ |q|

An, Nie, Pospelov, JP, Ritz PRD 2021

Freeze-in
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e
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m
2
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Millicharged DM 

Solar Reflection of DM
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<latexit sha1_base64="ESwH9F0FkdkMKQqxScxUUqTMqNs=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8LbtRNLkFvXiMYB6QLGF2MpsdMjO7zMwKIeQXvHhQxKs/5M2/cTaJ4LOgoajqprsrTDnTxvPenaXlldW19cJGcXNre2e3tLff0kmmCG2ShCeqE2JNOZO0aZjhtJMqikXIaTscXeV++44qzRJ5a8YpDQQeShYxgk0u9UjM+qWy53q1qndaQ7+J73ozlGGBRr/01hskJBNUGsKx1l3fS00wwcowwum02Ms0TTEZ4SHtWiqxoDqYzG6domOrDFCUKFvSoJn6dWKChdZjEdpOgU2sf3q5+JfXzUxUDSZMppmhkswXRRlHJkH542jAFCWGjy3BRDF7KyIxVpgYG0/RhvD5KfqftCquf+5Wbs7K9ctFHAU4hCM4AR8uoA7X0IAmEIjhHh7hyRHOg/PsvMxbl5zFzAF8g/P6AX/RjpA=</latexit>�

<latexit sha1_base64="qm/0g/09hB8G4iBT4vmJDzcs31E=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBA8yLIbRZNb0IsniWAekCxhdjJJhszMLjOzQljyC148KOLVH/Lm3zibRPBZ0FBUddPdFcacaeN5787C4tLyympuLb++sbm1XdjZbegoUYTWScQj1QqxppxJWjfMcNqKFcUi5LQZji4zv3lHlWaRvDXjmAYCDyTrM4JNJtFjdN0tFD3Xq5S9kwr6TXzXm6IIc9S6hbdOLyKJoNIQjrVu+15sghQrwwink3wn0TTGZIQHtG2pxILqIJ3eOkGHVumhfqRsSYOm6teJFAutxyK0nQKbof7pZeJfXjsx/XKQMhknhkoyW9RPODIRyh5HPaYoMXxsCSaK2VsRGWKFibHx5G0In5+i/0mj5PpnbunmtFi9mMeRg304gCPw4RyqcAU1qAOBIdzDIzw5wnlwnp2XWeuCM5/Zg29wXj8Ao2ON/w==</latexit>

e,N
<latexit sha1_base64="jxApwKWieLWM9EM66Y/sUusMl4k=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKqRVtN0V3bisYB/QhDCZTtqhk0mcmQghrb/ixoUibv0Qd/6Nk7aCzwMDh3Pu5Z45fsyoVLb9bhSWlldW14rrpY3Nre0dc3evI6NEYNLGEYtEz0eSMMpJW1HFSC8WBIU+I11/fJH73VsiJI34tUpj4oZoyGlAMVJa8sxy6HWgwxicOCFSIz+ANxPPrNiW3ajbxw34m1Qte4YKWKDlmW/OIMJJSLjCDEnZr9qxcjMkFMWMTEtOIkmM8BgNSV9TjkIi3WwWfgoPtTKAQST04wrO1K8bGQqlTENfT+YJ5U8vF//y+okK6m5GeZwowvH8UJAwqCKYNwEHVBCsWKoJwoLqrBCPkEBY6b5KuoTPn8L/SadmVU+t2tVJpXm+qKMI9sEBOAJVcAaa4BK0QBtgkIJ78AiejDvjwXg2XuajBWOxUwbfYLx+AH5clLQ=</latexit>
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An, Nie, Pospelov, JP, Ritz PRD 2021
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Cosmological limits

Nguyen et al arXiv:2107.12380
 Buen-Abad et al arXiv:2107.12377v1


Similar sensitivity from cosmology
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Sensitivity to large couplings?  (where particles don’t enter the sun)

Reflection of DM from the Corona

Solar corona dilute,  
but hot!

Very small but energetic 
enough flux possible
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Sensitivity to large couplings?  (where particles don’t enter the sun)

Reflection of DM from the Corona
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Solar corona dilute,  
but hot!

Very small but energetic 
enough flux possible


particles will not reach deep 
underground => take surface 
runs


(we are neglecting 
complications here; rough 
estimate)
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Summary
• the number of possibilities for particle DM appears daunting (no insight on mass); however 

there are very well motivated cases that can serve as “prototype models” coupled through 
portal interactions


• direct detection aims at registering DM-atom interaction; lowering threshold, one gains 
exponentially


• we may harvest irreducible signal components (Bremsstrahlung, Migdal electrons, solar 
reflected DM) to extend the physics reach of those experiments without extra cost


• solar reflection of MeV-mass DM with couplings to electrons  
 
=> O(10-4) component to the DM flux at earth from solid angle 
 
=> extends the reach in the “electron-scattering” channel to MeV DM mass range with 
optimum sensitivity at electron mass direct detection  
 
=> cosmological bounds on DM-electron scattering for light mediator are similar but 
complementary; for sub-% fractional abundance, cosmological limits may disappear
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Summary


